A chronic total occlusion (CTO) in a coronary artery is defined as "the presence of TIMI 0 flow within an occluded arterial segment of greater than three months standing."
greater than three months standing." 1 The successful percutaneous revascularisation of CTO vessels represents one of the dominant remaining technical challenges in interventional cardiology.
CTOs are common, found in between 20 % 2 and 50 % 3 of all patients with significant coronary artery disease (defined as a stenosis of >70 % in a single epicardial vessel). However, despite the frequency with which they are encountered, an attempt at revascularisation is made in only 10 % of cases. 4 There remains a perception that CTO intervention is lengthy, costly, associated with significant risk and offers only limited clinical benefit. This is rooted in historical data demonstrating that both the procedural success and the long-term patency of CTO percutaneous coronary intervention (PCI) has been significantly lower when compared to non-CTO PCI. 4 Almost certainly because of these data and reservations about CTO PCI, the culture has developed that only a minority of CTO cases are considered for angioplasty. Most patients are therefore treated with simply medical therapy, thus condemning them to ongoing angina or coronary artery bypass surgery (CABG) surgery. Whilst surgery is an effective therapy for most patients, this is a longer procedure, with higher risk, longer recovery and there are recent concerns regarding long term graft patency specifically in the context of CTO. 5 The traditional technical approach to CTO PCI is progressive antegrade wire escalation strategy. This remains technically challenging and has a high failure rate even in expert hands. 4 Procedures are often lengthy and associated with high radiation doses for both patient and operator, as well as large volumes of radiographic contrast. Recent technical advances, including the adoption of dissection/re-entry 6 and equipment to enable a retrograde approach 7 , have significantly increased procedural success rates. In addition, the new hybrid strategies (see Figure 1 ) have shortened procedure time, reduced contrast load, and decreased the need for repeat procedures 7, 8 (see Figure 1 ). Despite the perceived complexity of these techniques, they can be taught extremely effectively using an experienced proctor -and adopting such an approach can significantly improve success rates. 9 Despite these advances, controversy persists regarding the objective clinical value of successful CTO PCI. The aim of this article is to critically examine the data that supports contemporary percutaneous CTO intervention, specifically including an evaluation of procedural safety and cost effectiveness.
Clinical Safety
A perception persists that the percutaneous treatment of coronary CTOs is associated with significant procedural and patient risk. 4 This however is not reflected in the published data in the modern literature that reflects contemporary practise. In the largest published meta-analysis, examining over 18,000 patients undergoing a CTO PCI procedure from 65 studies in the era 2000-11, there was an overall rate of major adverse cardiovascular events (MACE) of 3.1 % (pooled estimate, 95 % CI:2.4 %-3.7 %). 10 Specifically, the overall procedural mortality was 0.2 %, with the commonest procedural complications being perforation (2.9 %, 95 % CI: 2.2 %-3.6 %) and contrast nephropathy (3.8 %, 95 % CI: 2.4 %-5.3 %). Overall, the success rate across the cohort was 77 %, with evidence that this has improved progressively year on year during the duration of the study (see Figure 2) . The authors were able to study the impact of the retrograde approach in over 886 lesions (884 patients), and reported an similar overall MACE rate (3.1 %), driven predominately by periprocedural MI (2.8 %), but with a lower rate of procedural mortality (0.1 %). The success rate of the retrograde approach is comparable to that of the overall cohort at 79.6 %.
The incorporation of Bridgepoint™ technology into the hybrid strategy for the treatment of CTOs has led to its adoption in CTO practice despite no large scale published data on the safety of controlled dissection re-entry using the system. 11 The largest single-centre series published to date utilised the approach in 62 consecutive cases (60 patients) and have reported follow-up data for a median duration of CTOs that in many cases would remain untreatable. 11 However, long-term multicentre clinical outcome data remains unavailable, as do randomised controlled trials.
When compared to an overall procedural mortality rate of 0.65 % for all PCI undertaken outside of ST segment elevation myocardial infarction (STEMI) (excluding cardiogenic shock) 12 , CTO PCI using both traditional and hybrid techniques can be considered safe. Of course, such published data is derived from a series of cohort analysis in whom the operators were expert practitioners. Given the learning curve for new CTO PCI techniques, the current recommendations advocate that CTO intervention should be undertaken by those individuals that have a specific interest in CTO intervention and who have undergone specialist training. 1 There is evidence that having procedural guidance by visiting highly experienced proctors in the catheter lab significantly improves procedure success rates and shortens the learning curve 9 Conceptually, however, CTO PCI (including retrograde techniques) is safe, with a low overall complication rate.
Clinical Benefits
The underlying justification behind an attempt at CTO recanalisation is the relief of myocardial ischaemia in an area supplied by an occluded artery. This may manifest either as symptomatic angina/ angina equivalent, or if asymptomatic, to involve a sufficient extent of myocardium be of sufficient quantity on a non-invasive ischaemia test as to carry prognostic significance. Whilst the relief of symptoms is clear cut, the objective data to support a prognostic benefit for CTO PCI purely on the grounds of the amount of reversible ischaemia is circumstantial and derived from indirect cohort analysis rather than from prospective randomised studies. The following section will describe the data that supports CTO intervention:
I. firstly, in those patients with symptomatic angina -with the goal of symptom relief, and II. secondly in patients with demonstrable ischaemia on a noninvasive test (who may be asymptomatic) -in whom the document goal is to improve prognosis.
Symptomatic Angina
Numerous studies have demonstrated that successful CTO intervention is effective at reducing angina. 13, 14 Specifically, in patients with clear angina symptoms (CCS 3-4), successful CTO intervention is associated with an early improvement in angina frequency, physical limitation and quality of life (QoL), 14 when compared to those patients in which CTO recannulisation was unsuccessful.
However, amongst patients who have minimal symptoms of angina (defined in one study as having an angina frequency score of <100 and termed asymptomatic), only modest non-signifiant improvements in both angina frequency and QoL were noted after successful PCI. Amongst this group, there were no significant differences noted in angina frequency or QoL score if the PCI procedure was successful or not, along with no differences in 30-day mortality (see Figure 2) .
14 There remains no long-term systematic follow-up data to assess the overall impact on mortality/prognosis in this cohort of asymptomatic patients.
In addition to the improvement in symptoms, successful CTO intervention can lead to demonstrable improvements in left ventricular function, [15] [16] [17] and a reduction in ventricular arrhythmias 18 when completed in patients with impaired left ventricular systolic function.
In addition, a number of observational studies have demonstrated a reduction in the need for coronary bypass surgery in those patients who have undergone a successful CTO PCI procedure. 1 All these data were derived from patients who presented with symptomatic angina. 
Prognostic Impact
The identification of ischaemia in patients with coronary artery disease (CAD) is likely a key determinant of prognosis. 19 Furthermore, reducing the overall ischaemic myocardial burden (i.e. effective re-vascularisation) is effective at long-term improvment prognosis. 13, 20, 21 Contemporary data looking specifically at non-invasive measures of ischaemia suggest that in symptomatic patients with demonstrable ischaemia of greater than 10 % of viable myocardium, a reduction in ischaemic burden by more than 5 % is associated with a significant improvement in overall mortality, as well as a reduction in the incidence of MI. 22 This effect is marked most amongst patients who have the greatest ischaemic burden pre-revascularisation. 22 It could be inferred, that in patients with at least one CTO and demonstrable ischaemia on a non-invasive test, revascularisation may be of significant clinical benefit.
In patients with a CTO, an ischaemia burden of more than 12.5 % on myocardial perfusion scanning was associated with a greater probability of a successful reduction in ischaemia (greater than 5 % improvement noted in 34.7 % with mild ischaemia vs 86.7 % in severe ischaemia P<0.001) following successful CTO intervention with a sensitivity and specificity of 80 % respectively. Paradoxically, amongst this group of 301 patients, those with a low ischaemia burden before CTO intervention (less than 6.25 %), were more likely to have a increase in ischaemia post PCI. 23 This maybe due to restenosis, loss of collateral circulation, loss of side branches, or progression of coronary artery disease in other territories.
Further evidence that the presence and extent of ischaemia is a determining factor in defining patient prognosis can be derived from examining outcomes after an attempt at PCI. Overall, incomplete revascularisation is associated with worse clinical outcomes when compared to patients in whom complete revascularisation has been achieved. 21 The presence of a CTO is a predictor of incomplete revascularisation in those patients treated with PCI. For example, in a cohort of over 11,000 PCI patients treated in the DES era, 69 % (n=7795) were incompletely revascularised. These individuals had a higher mortality rate at 18 months (adjusted HR 1.23, 95 % CI 1.04-1.45), that increased if greater than two vessels (including a CTO) remained unrevascularised (HR 1.44 95 % CI 1.14-1.82, adjusted survival 94.9 % vs 92.9 % p=0.002). Hence, within the context of symptomatic angina, successful CTO intervention which leads to complete revascularisation (and relief of underlying ischaemia) may offer a substantial mortality benefit. 20 It is also important to appreciate that CABG is not certain to produce complete revascularisation. For example, in the Syntax trial CTO subset, successful bypass grafting to an occluded arterial segment occurred in only 69 %, with complete revascularisation (in the context of a CTO) being achieved in only 49 % 24 , albeit by a very strict definition. Interpretation of these data requires care, of course.
There remains a paucity of a large scale randomised trial data that specifically addresses the outcomes after successful ischaemia-driven CTO intervention. The bulk of data currently available to support CTO interventional practice is derived from registries that compare patients in whom CTO intervention has been successful with those in whom it 17-0.27 ), but no differences in MI or other major adverse cardiac events were noted. Overall, successful CTO intervention does appear to offer a prognostic advantage, but only when compared to those in whom a CTO procedure was unsuccessful. These data provide circumstantial evidence at best: a randomised trial of CTO PCI versus optimal medical therapy (OMT) with an intention-to-treat analysis is required for definitive proof of benefit.
The reasons behind the difference between successful and unsuccessful CTO PCI remain undefined. Certainly, the differences observed can only partly be explained by adverse events in the unsuccessful PCI arms, the rates of which are broadly similar across reported data. 13 The observed prognostic benefit may relate partly to a reduction in ischaemia driven arrhythmia, 18 and possibly improved outcome amongst patients who go on to have an acute myocardial infarction of a non-CTO artery, on the basis of the "double jeopardy"
theory. This was demonstrated in one large series of over 3, 200 STEMI patients where the presence of a CTO, distinct from the culprit artery, was an independent predictor of 30-day mortality (HR 3.6, 95 % CI 2.6-4.7; p<0.01). In those alive at 30 days, the presence of a CTO remains a predictor of overall five year mortality. 
Cost Effectiveness
As is detailed above, objective evidence from properly conducted randomised trials that CTO intervention decreases mortality is not available at present. As such, a formal assessment of cost effectiveness of CTO intervention versus medical therapy is difficult.
Indeed, CTO PCI in the majority of cases is only offered to those patients who continue to be symptomatic despite optimal medical therapy. However, utilising a Markov model examining a hypothetical cohort of 10,000 patients (see Figure 3) , Gada et al. have constructed a detailed analysis of the relative cost benefits of CTO intervention in patients with CCS class III-IV angina. Based on a mean age of 60 years, with a procedural success rate (68 %) and overall complication rate derived from contemporary published literature and based upon costs derived from CTO procedures conducted in an outpatient setting, the authors were able to calculate cost benefit model over a five-year period. 27 They concluded that a successful CTO PCI strategy incurred higher costs than optimal medical therapy ($31,512 vs $27,805), but accumulated more quality-adjusted lifeyears (QALYs). Overall, CTO-PCI appeared to be cost effective, with a ratio of $9,505/QALY, which is well below the accepted conventional threshold of $50,000/QALY.
With the addition of further variables, including the costs of a repeat CTO procedure that increased the overall procedure success rate to 80 %, the cost per QALY rose to $14,047/QALY, which is still dominant.
Importantly, however, the cost calculations are based on procedures conducted in a single centre between 2010-11. This is before the more widespread adoption of technology such as the Corsair ® microcatheter and the Crossboss™ dissection re-entry system. The use of these technologies demonstrably increases the overall rate of procedure success 6, 7 , but they are associated with a increase in overall procedural cost. This may be balanced with a reduced need for a second CTO-PCI procedure and reduced rate of target lesion revascularisation (TLR) but data is not available to fully establish true cost effectiveness of these technical advances in CTO revascularisation.
Conclusions
CTO intervention remains a technically challenging process, but recent advances in technology and technique have increased procedural success rates and safety. Despite the complexity of the hybrid CTO techniques, these are readily teachable to experienced PCI operators with an interest in CTO. However, given the learning curve for these technically challenging techniques, it is clear that CTO PCI should be concentrated on a relatively few specialist operators.
In patients with significant angina, CTO intervention is proven to be highly effective at relief of symptoms. This is likely to be cost effective -even allowing for increases in procedural costs associated with newer hybrid strategies. In patients with demonstrable ischaemia in a territory supplied by an occluded vessel, CTO intervention is likely to offer prognostic benefit but this has not yet been confirmed in a large scale randomised trial. n
